A new simple procedure for the production of protoplasts of Penicillium cyclopium with high regeneration rates and efficient transport activity is described, involving the use of a preparation of Novozym 234 with very low protease activity. The combination of a heat pretreatment at 55 "C for 15 min with the use of the protease inhibitor aprotinin resulted in a 97% reduction of Novozym 234 protease activity with respect to untreated controls. Polysaccharide-hydrolysing activity was inhibited much less, to 60% of the untreated Novozym 234 level. Protoplasts could be successfully produced with the new low-protease Novozym 234 preparation, showing a threefold increase in regeneration capacity compared to control protoplasts obtained with the original preparation. The rates of 3-0-methylglucose uptake and the capacity to accumulate this sugar analogue were also higher in protoplasts obtained by the new method.
Introduction
The production of fungal protoplasts has recently become an important technique with an increasing number of applications in pure and applied biological research (Peberdy & Ferenczy, 1985) . The use of a number of mycolytic preparations has been reported to result in the efficient production of protoplasts from various fungal cell types (Hamlyn et al., 1981) . Several authors have described the enzyme activities present in these preparations, showing that considerable protease activity usually accompanies a variety of polysaccharidehydrolysing enzymes (Hamlyn et al., 1981 ;  Leopold & Seichertova, 1967; Scott & Schekman, 1980; Ridout et al., 1988) . The presence of proteases has been linked to a reduced protoplast regeneration capacity (Kitamoto et al., 1988; Quigley et al., 1987) , major alteration of membrane permeability and transport processes (W. Roos, personal communication) , and high rates of cell lysis (Collings et al., 1988; Kitamoto et al., 1988; Mann & Jeffery, 1986) . Conversely, reductions in protease activity have been reported to result in an increase in regeneration capacity (Kitamoto et al., 1988) and higher protoplast yields (Mann & Jeffery, 1986) .
A simple method to reduce protease activity in the commercial cell-wall-lytic complex Novozym 234 has been developed in this study, and a comparative evaluation of viability and functional properties of the protoplasts obtained with the new preparation is presented using Penicillium cyclopium as the test organism. -wall-lytic complex. Novozym 234 (batch PPM 1961, Novo Biolabs, Bagsvaerd, Denmark) was used, as well as a low-protease preparation of Novozym 234 which is also commercially available (batch SP-C25-111289A).
Methods

Cell
Enzyme assays. Cell-wall-polysaccharide-hydrolysing activity was determined by measuring the amount of reducing sugars liberated during the hydrolysis of a cell wall preparation. The reaction mixture (3 ml) contained a 10 mg ml-* concentration of cell wall of Penicillium cyclopium, purified by the method of Roos & Slavik (1987) , in 50 mMsodium acetate buffer (pH 4.5) and 0.05 mg of Novozym 234 ml-'. The mixture was incubated at 25 "C for 10 min, and the reaction stopped by immersion in boiling water for 5 min. After centrifugation at 1200g for 2 min, the supernatant was assayed by the dinitrosalicylic acid (DNS) method (Miller, 1959) . One unit of polysaccharide-hydrolysing activity (1 U) is defined as the amount of enzyme which causes the liberation of reducing sugars equivalent to 1 pmol glucose in 1 min.
Protease activity was determined according to the procedure of Anson (1938) . The reaction mixture (1.5 ml) contained 1.2 ml haemoglobin (2%, w/v) (Merck), previously denatured with urea (Sarath et al., 1989) , in 50mM-sodium acetate buffer (pH4.5) and Novozym 234 (0.1 mg ml-I). After incubation at 25 "C for 8 min, the reaction was stopped by the addition of 1-5 ml 10% (w/v) trichloracetic acid (TCA). The suspension was centrifuged at 100OOg for 15 min. One unit of protease activity (1 UP) is defined as the mount of enzyme causing the liberation of TCA-soluble peptides equivalent to 1 pmol tyrosine.
Prorein determination. The method of Lowry was used with bovine serum albumin as a standard.
inhibition of protease activity. The efficiency of a number of protease inhibitors was tested in the protease assay procedure. Novozym 234 was preincubated for 30 min at 25 "C with one or a combination of inhibitors and then assayed for protease activity. The inhibitors tested were : phenylmethanesulphonyl fluoride (PMSF) (0.0141 mM), leupeptin (0-1-100 pg ml-l) (Sigma), pepstatin A (0.1-100 pg m1-l) (Sigma), EDTA (0.1-10 mM), aprotinin (0.1-10 p~) , (Novo Biolabs) and bacitracin (1-100 p~) (Novo Biolabs). The percentage of inhibition was calculated according to Brock et al. (1982) .
Inactivation of' protease activity. Heat treatments were applied to Novozym 234 solutions (I mg ml-l in 50 mM-sodium acetate buffer, pH 3.5-6.5) by incubation in a water bath at 50-60 "C for 5-10 min and immediately coded in ice. Enzyme assays were performed on treated samples after equilibration at room temperature for 30 min.
Isolation of protoplasts.
One-day-old mycelium of Penicillium cyclopium (IMI 229034) was obtained from 2-litre fermenter cultures grown in Foster ('F') medium (Ugalde & Pitt, 1983) . Protoplasts were isolated as described by Ugalde et al. (1990) with the exception that the final concentration of Novozym 234 was 3mgml-l and that 50mM-maleate/NaOH buffer (pH 4.5) was used in the incubation mixture instead of the phosphate-based medium. This measure was adopted to rule out any possible inhibition of glucanase activity by phosphates (Dubourdieu et al., 1985) .
In order to purify the protoplast suspension from remaining cell wall debris, it was layered over a sucrose cushion (1-5 M-sucrose in 50 mMmaleate/NaOH, pH 4.5) and centrifuged at 2000g for 5 min. The fraction of protoplasts obtained by flotation on the cushion was collected and the procedure was repeated. The final suspension was counted by microscopic observation using a Thoma cell-counting device.
Protoplast regeneration. To I ml protoplast suspension ( 102-103 protoplasts ml-I) was added 3 ml 'F' medium with 1.2 M-sorbitol, malt extract (2%, w/v) and agar (0.7%, w/v) at 45°C. The mixture was layered over malt agar (2%, w/v) plates and allowed to solidify. Controls were made by inoculating plates with a protoplast suspension which had been diluted with distilled water. After incubation at 25 "C for 5d, the number of colonies was counted and the percentage of regeneration was estimated following adjustments for fragments of mycelium and stray spores.
Hexose transport. The methodology for the study of sugar transport in Penicillium notatum (Pitt & Barnes, 1987) was adapted for protoplast suspensions. To 1.4 ml of a protoplast suspension (7.2 x lo7 protoplasts ml-l) was added 50 p1 12.5 m~-3-O-methylglucose, containing 5 mCi
by gentle stirring and aeration. Samples (100 p1) were taken at regular time intervals and layered over 300 pl 'F' medium with 1.2 M-sorbitol and Nycodenz (3%, w/v; a density-gradient material from Nyegaard UK) in Eppendorf tubes. Protoplasts were separated by microcentrifugation through the density cushion and the pellet obtained was 
Results
The protease and polysaccharide-hydrolysing activities of two separate Novozym 234 samples of batch PPM 1 Stock solution in 2-propanol.
and those of the commercially available lowprotease preparation are shown in Table 1 . Although large variability is observed between samples of the same batch number, both show considerable protease activity. The low-protease preparation shows a higher ratio of polysaccharide-hydrolysing activity to protease activity, but the latter is still sufficiently high as to cause extensive damage to membrane proteins.
Protease inhibitor studies
The preparation with highest overall enzyme activities and ratio of polysaccharide-hydrolysing activity to protease activity (Table 1) was chosen for further investigations with inhibitors. The degree of inhibition observed with the most effective concentration for each inhibitor is shown in Table 2 . Only leupeptin and aprotinin exerted a significant degree of inhibition ; the combination of both these inhibitors did not result in any additional inhibition.
When EDTA was used, protease activity increased, reaching levels fourfold higher at 10 m~-E D T A with respect to those found in the absence of the chelator.
Heat treatment
Preliminary experiments carried out by heating for 10 min at 50,55 and 60 "C at three pH values (4.55-5 and 6.5) showed that treatment at the lower temperature caused low levels of protease inactivation, while at the higher temperature both protease and polysaccharidehydrolysing activities were completely inactivated. At 55 "C considerable protease inactivation was observed, while the stability of polysaccharide-hydrolysing activity was pH dependent (Fig. 1) . The ratio of polysaccharide-hydrolysing activity to protease activity could be further improved by reducing the period of heat incubation from 10 to 5 min (Fig. 2) . While protease activity was reduced to 17% of the original value, polysaccharide-hydrolysing activity was only reduced to 58%.
The complementary effect of both leupeptin and aprotinin on protease activity of cell wall lytic complex after heat treatment is also shown in Fig. 2 . Leupeptin caused slight inhibition. Conversely, aprotinin inhibition resulted in residual protease levels of 3.3% with respect to untreated Novozym 234 preparations.
For the practical purpose of protoplast production, the heat treatment conditions were adapted. Similar levels of reduction in protease activity as those shown above were obtained when Novozym 234 (10 mg ml-l) was included in the incubation medium used for protoplast production and heated for 15 min at 55 "C, followed by addition of 32.5 yg aprotinin per mg Novozym 234. L, leupeptin (100 pg ml-I). 
Production and regeneration of protoplasts
In order to produce protoplasts with the abovementioned heat-treated preparation of Novozym 234 (10 mg ml-l), this preparation was diluted to 5 mg ml-l to make it comparable in polysaccharide-hydrolysing activity with the untreated Novozym 234 controls, which were set at 3mg ml-l. The yields in protoplast production using Novozym 234 preparations made by a combination of heat and addition of aprotinin as above, are shown in Table 3 . In spite of the lower yields obtained with the new preparation, the frequency of protoplast regeneration was threefold higher, indicating lower damage to cells as a result of reduction in protease activity. Protoplasts produced with the heat-treated preparation were optically indistinguishable from those produced with untreated Novozym 234, and electron microscopic observation revealed the absence of cell wall material on the surface of protoplasts obtained by the new procedure (results not shown) . T. Roncal and others 
Hexose transport studies
The pattern of 3-O-methyl-D-[U-14C]glucose uptake by protoplasts of P . cyclopiurn obtained with the heattreated preparation of Novozym 234 compared to control protoplasts is shown in Fig. 3 . The initial rate of uptake and the capacity to accumulate the sugar analogue are increased approximately threefold in protoplasts produced with the new procedure, indicating improved functional properties of the plasma membrane.
Discussion
Novozym 234 is a cell-wall-lytic complex of extracellular enzymes from Trichoderrna harzianurn. This commercial preparation and others obtained from the same organism have been extensively studied and their enzyme activities have been described in detail (Hamlyn et al., 1981 ; Dubourdieu et al., 1985; Ridout et al., 1988) .
The objective of this investigation was centred on the reduction of protease damage in the process of protoplast production, in order to obtain preparations with improved functional properties and higher rates of viability. For this reason, the specific enzyme activities involved in polysaccharide hydrolysis were not considered individually, but were generally regarded as the ability to hydrolyse the cell wall and produce protoplasts.
Notable variations in enzyme activities of Novozym 234 have been reported previously (Hamlyn et al., 1981) and were confirmed in this study. These differences explain the irregular protoplast production performance of different Novozym 234 preparations using identical procedures. An indicative method to quantify such variations is to conduct a general polysaccharide hydrolase activity assay, as described in Methods, using cell wall preparations from the organism in question. The simplicity and the economy of the procedure make it an attractive assay for this practical purpose.
Both Novozym 234 and the commercial preparation with low protease activity contained protease levels capable of severely damaging the fungal plasma membranes during the protoplast isolation procedures. This activity could be inhibited significantly (27-29 %) only by aprotinin and leupeptin, which are both classed as inhibitors of serine proteases (Beynon & Salvesen, 1989) . The remaining protease activity could not be inhibited with any of the other inhibitors tested and considerable stimulation of activity was found with the metalloprotease inhibitor EDTA. It is possible that the EDTA may have removed certain metal ions associated with thiol proteases. It is well known that heavy metals inhibit enzymes having functional thiol groups (Vallee & Ulmer, 1972) , so that chelation by EDTA would result in apparent enzyme activation. On the other hand, divalent cations may have been associated with the substrate protein, exerting a protective effect.
From the results obtained it may be postulated that Novozym 234 contains at least two different types of protease: a serine protease, responsible for 27-29% of the overall protease activity, and at least another enzyme which may be a leupeptin-insensitive thiol protease.
In view of the partial reductions in protease activities obtained by the use of inhibitors, an alternative approach was pursued. The use of heat treatment to inactivate unwanted proteolytic activity in cell-wall-lytic complexes has been reported by Van der Valk (1984) . Under the conditions established in this study, protease inactivation appears to correspond to the enzyme complement which is insensitive to aprotinin, leaving a very low residual protease activity after the addition of the inhibitor. The observed insensitivity to leupeptin after heat treatment is a paradox which remains unexplained.
A large proportion of polysaccharide-hydrolysing activity was retained after the heat inactivation regime. Whether individual enzymes were inactivated or all of them suffered some degree of inactivation by this treatment cannot be ascertained with the assay method used. However, those enzymes necessary for cell-wall hydrolysis resulting in the liberation of fungal protoplasts were present in adequate quantities, allowing for the production of protoplasts with higher rates of viability.
The results obtained support the view that prolonged exposure to proteases results in a marked reduction in regeneration of fungal protoplasts (Kitamoto et al., 1988) .
Decreases in the rate of sugar transport, and in the overall capacity to accumulate 3-O-methylglucose, are indicative of general damage to membrane functions such as membrane permeability, proton pumping capacity and various transport and exchange mechanisms which have direct repercussions on cell viability and protoplast regeneration. The new procedure for the production of protoplasts should prove advantageous in studies of membrane functional properties, as well as in molecular biology work involving transformation and cell fusion procedures with fungal protoplasts.
